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vAbstract
In the last decade, the continuous development of electronics components has
pointed out the need for a change in mind with regard to thermal management. In
the present scenario, Pulsating Heat Pipes (PHPs) are novel promising two-phase
passive heat transfer devices that seem to meet all present and possibly future
thermal requirements. Although grouped as a sub-class of heat pipes, the PHPs
governing phenomena are quite unique and not completely understood. In particular,
single closed loop PHPs that might be considered as the basic constituents of multi
turns PHPs manifest a large number of drawbacks mostly related to the device
thermal performance and reliability, i.e. the occurrence of multiple quasi-steady
states during device operation. Many attempts have been made in literature in
order to face on the problem and promote the circulation of the working fluid in a
preferential direction. The present research work proposes the application of an
electric field as a candidate technique.
Two slightly different single closed loop PHPs with an inner tube diameter
of 2.00 mm and partially filled with ethanol (60 % filling ratio) are tested both
in the absence and presence of an external electric field. The electric field was
generated by two wire shaped electrodes powered with a voltage level up to 20 kV.
The circuit basically differ for the design and material of the connections between
the copper and glass tubes. On one hand, the connections of the first circuit have
been designed in order to minimize the overall volume and thermal inertia. On the
other, the connections of the second circuit have made up of brass and introduce a
local dead volume that disturbs the working fluid motion.
The acquired experimental results highlight how the operation of the first circuit
is possible over a wide heat input range and maintain stable for a long time period
while, conversely, the operation of the second circuit is restricted to a narrow heat
input range, thus confirming the detrimental effect of any additional internal space.
In the light of the aforementioned results, the electric field is applied to the
second circuit as the unstable behaviour coupled to the occurrence of different
flow regimes provide the opportunity of verify the effectiveness of the technique in
several conditions. For the actual pair of geometry and working fluid the effect is
weak due to the polarization phenomenon of the working fluid and the presence of
the glass tube.
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Chapter 1
Spacecraft thermal control
The purpose of a thermal control system is to maintain all of the spacecraft’s
components within the allowable temperature ranges in all the operating modes
and thermal environments it may be exposed to.
An effective thermal control system must provide three basic functions to the
spacecraft design:
• Heat acquisition;
• Heat transport;
• Heat rejection and energy storage.
Heat acquisition is the process of acquiring excess thermal energy from various
components including electronics, avionics, computers and metabolic loads from
crewmembers. Once waste thermal energy has been acquired, it must be transported
to a heat exchanger or radiator for ultimate rejection to deep space.
Alternatively, waste thermal energy can be stored, either as latent heat in a
phase change material or through sensible heat in a larger spacecraft mass for later
use or ultimate rejection in a more favorable condition. The gathering of part of
the energy smooth out the effects of peak and minimum thermal loads as well as
extreme environments, thus contributing to lower the overall spacecraft thermal
control system mass.
1.1 Motivation of present research
The technology advancement in the thermal control area is centered on the
development of devices with lower mass that are able of handling high heat loads
with fine temperature control.
2
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Figure 1.1: Schematic of a conventional pulsating heat pipe, Khandekar et al., (2004 ).
The demand for even higher performance from the thermal control system
results in the development of a new generation of strategies based on the local phase
change of a working fluid. The latent heat of vaporization is in fact an effective
mean of managing large amounts of heat at relatively small temperature differences.
An example of the need for improving the efficiency of heat transport devices is
suggested by heat dissipation from electronics chips. The continuous increase in
the functionality and compactness of electronics packages leads to high components
densities and, therefore, to high heat fluxes that cannot be removed by conventional
cooling techniques.
Pulsating heat pipes (PHPs), as illustrated in Figure 1.1, are novel promising
two-phase passive heat transport devices that seem to meet all present and future
heat transport requirements. Although grouped as a subclass of the overall family of
heat pipes, the strong thermo-hydrodynamic coupling governing their performance
is quite unique. In spite of the significant efforts that have been made in the last
decade in order to create a comprehensive set of tolls to assist in the design, a large
number of issues still remain unsolved, among which the optimum number of turns,
the optimum filling ratio and the minimum heat input to trigger the oscillations of
the working fluid.
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The results of previous studies (Yang et al., 2008 )(Khandekar et al., 2009 )
emphasize that the performance of pulsating heat pipes rapidly deteriorates as the
devices reach a condition of dynamic equilibrium, also termed dry-out, associated
to the complete segregation of phases between the heat input and output regions.
The present research work points to investigate the fundamental operating
characteristics of Closed Loop Pulsating Heat Pipes (CLPHPs). The attention
focuses in particular on the effect of an electric field on the thermo-hydrodynamic
behaviour of a single loop pulsating heat pipe, which can be considered as a primary
building block of pulsating heat pipes (Khandekar, 2004 ). The electric force that
results from the application of an electric field on a two-phase flow drives the vapour
towards a region of weaker electric field and, in some circumstances, breaks the
menisci surface tension, thus giving the occasion of separating phases (Landau et
al., 1984 )(Di Marco, 2012 ). The redistribution of phases can renew the level of
internal pressure perturbations, which are regarded as the primary working fluid
driving mechanism inside the two-phase loop.
Although the number of turns in closed loop pulsating heat pipes increases
the level of internal perturbations (Charoensawan et al., 2003 )(Khandekar et al.,
2004 ), a single loop pulsating heat pipe effectively represents the characteristics
of a multi-turn pulsating heat pipe and, therefore, a thorough understanding of
its behaviour is important to provide concrete foundation for future technology
advances.
Before proceeding further, a review of contemporary heat thermal control
strategies is presented so that the concept of pulsating heat pipes could be better
appreciated in the contest of prevailing trends.
1.2 Thermal control strategies
Thermal control on board a spacecraft presents many challenges. On one hand,
high power dissipating components must be prevented from over-heating without the
earthbound benefits of free convection while, on the other, components activated
only occasionally must be prevented from cooling to a temperature below the
operational level.
Thermal control strategies can be categorized either as active or passive thermal
control. Active thermal control can be accomplished by using heaters, thermo-
electric coolers and pumped fluid loops. Passive thermal control can be accomplished
by using insulation blankets, radiation shields, heat switches and phase change
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Figure 1.2: Application of a Heat Switch.
materials.
Since pulsating heat pipes fall into the second category, active thermal control
strategies are not further deepened.
Heat switches
Heat switches, also known as thermal switches, are heat transport devices that
shift between roles as good thermal conductors and good thermal insulators. Most
heat switches are passive heat transport devices that maintain the temperature of
warm instruments or electronics within the allowable temperature ranges despite
rapid fluctuations in components heat load or variations in cold sink temperature.
A general application of a heat switch to control the temperature of individual
components is illustrated in Figure 1.2. The heat switch is mounted in between an
electronics box and a cold sink, such as a spacecraft structural panel or radiator in
order to control the temperature in the neighborhood of a previously selected set
point.
When the electronics temperature rises above the set point, the heat switch
conductance increases, allowing the excess thermal energy to be transferred to a
radiator and then out to space. When the electronics temperature drops below the
set point the heat switch conductance decreases.
Phase change materials
Phase change materials are materials that absorb waste thermal energy via
latent heat of fusion theoretically without any appreciable temperature rise.
A general application of a phase change material to control the temperature of
short duty cycle components in launch or reentry vehicles is illustrated in Figure 1.3.
Although such components are used intermittently, they generate large amounts of
heat, which must be dissipated so as they will not overheat and subsequently fail.
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Figure 1.3: Application of a Phase Change Material.
When a component generates heat in the ”on” portion of its cycle, the waste
thermal energy is stored via latent heat of fusion in the phase change material.
When the component is in the ”off” portion, the latent heat of fusion is removed
to cool down the phase change material in preparation for the next cycle. The
alternate melting and freezing of the phase change material enables the component
to work nearly isothermally at all times.
Two-phase passive heat transport devices deriving from the Heat Pipes (HPs)
concept also play a decisive role in a wide range of applications.
The details about the operation of two-phase passive heat transport devices are
discussed in the next sections.
1.3 Two-phase passive heat transport devices
The operation of two-phase passive heat transport devices is based on the
combined action of three physical distinct phenomena:
• The phase change effect;
• The gravity effect;
• The capillary effect;
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Although the aforementioned phenomena usually act together, there may be
some extreme conditions in which one or more effects are negligible or less significant.
The increased thermal capacity related to the phase change of the working fluid
results in a reduced mass flow rate compared to standard single-phase devices and,
therefore, in a reduced size. Furthermore, the capillary and gravity effects are able
to sustain the fluid motion with no need for mechanical or thermal power.
The operation of two-phase passive heat transport devices is in fact fully ther-
mally driven. The heat input activates the evaporation process and the consequent
vapour expansion, together with the action of the capillary and gravity effects on
liquid, provides the pumping action that is required to sustain the fluid circulation.
The main two-phase passive heat transport devices are, as follows:
• The heat pipes;
• The capillary pumped loops and the loop heat pipes;
• The thermosyphons;
• The pulsating heat pipes.
Although the devices have similar working principles, there are important
differences that significantly alter the heat transport mechanisms, some of witch
can be intuitively inferred examining the following Figure 1.4.
1.4 Heat Pipes
Heat pipes, as illustrated in Figure 1.5, are two-phase passive heat transport
devices that use the latent heat of vaporization of a working fluid to transfer over
relatively long distances large amounts of heat from a heat source to a heat sink.
A general application of a heat pipe is the one used to keep a heat source
and a heat sink physically separated employing the high thermal conductivity.
Furthermore, a heat pipe is able to provide an accurate method for temperature
equalization between opposite surfaces, thus minimizing thermal distortion.
A heat pipe typically consists of three main sections:
• The evaporator section;
• The adiabatic (or transport) section;
• The condenser section.
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Figure 1.4: Genealogy of two-phase passive heat transport devices Khandekar, (2004 ).
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Figure 1.5: Schematic of a conventional Heat Pipe.
The evaporator and condenser sections are the regions located at the opposite
ends in which the heat pipe receives and releases heat, respectively, while the
adiabatic section is thermally insulated from the surrounding environment.
The heat pipe main components are, as follows:
• A closed envelope;
• A small amount of working fluid;
• A wick structure.
The device is first evacuated and then partially filled with a working fluid in
saturated conditions. The liquid phase resides inside the wick structure, located on
the inner wall surface of the heat pipe, while the vapour phase resides inside the
envelope.
The heat input applied to the evaporator section causes the liquid hold in the
wick structure to evaporate. The process also raises the local vapour pressure that
must be continuously in equilibrium with the liquid at any time. As the condenser
section is in contact with a low temperature heat sink the local vapour pressure is
lower.
The ensuing vapour pressure drop between the heat hot and cold heat pipe ends
drives the vapour through the adiabatic section to the condenser, where the vapour
cools down releasing latent heat of vaporization.
The menisci radius of curvature is larger in the evaporator section than in
the condenser as the liquid recedes in the pores of the wick structure as long as
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Figure 1.6: Pressure distribution along the liquid-vapour interface,Faghri, (1995 ).
evaporation process takes place, thus depressing the menisci.
The capillary pressure gradient that results from the difference in the menisci
radius of curvature along the liquid-vapour interface circulates the condensed fluid
back to the evaporator section against pressure losses and external body forces, i.e.
gravity or acceleration body forces.
The typical distribution of the liquid and vapour pressure along the liquid-vapour
interface is illustrated in Figure 1.6.
The capillary pressure sustained across the liquid-vapour interface in a tube of
circular cross-section is related to the Young-Laplace equation, as follows:
pcapillary =
2 · σ
reff
cos(θ) (1.1)
where the effective radius of curvature reff is equal to the radius of the tube
and the apparent contact angle θ is dependent on the wick structure and working
fluid.
The capillary pressure gradient that acts between the evaporator and condenser
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sections can be expressed as:
∆p = ∆liquid + ∆vapour (1.2)
where the terms in the right hand side account for the liquid and vapour pressure
losses and in the absence of any external body forces, respectively.
The maximum capillary pressure gradient occurs when the apparent contact
angle is θ = 0° at the evaporator end cap and θ = 90° at the condenser end cap.
1.4.1 Performances
The capillary pressure gradient is a function of the surface tension and wick
structure pores size. The former depends on the choice of the working fluid, the
latter on the wick structure material and cross sectional shape.
The operating temperature range of the particular component to be controlled
dominates the choice of the working fluid. A working fluid generally can be used in
an interval between a temperature value somewhat above its triple point and another
that is slightly below its critical point. When the critical point is approached the
distinction between liquid and vapour blurs and, therefore, the capillary pressure
goes to zero.
A list of the most commonly used working fluids and their related operating
characteristics is reported in Table 1.1.
The main properties of the wick structure are, as follows:
• The capillary radius;
• The permeability;
• The effective thermal conductivity.
The capillary radius should be very small at the liquid-vapour interface in order
to generate a high capillary pressure gradient.
The permeability is a measure of the resistance of the wick structure against
the motion of liquid along the longitudinal axis. The permeability should be high
in order to have a small liquid pressure drop and, therefore, a high heat transport
capability.
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Melting Point Boiling Point Critical Temp.
(K) (°F) (K) (°F) (K) (°F)
Hydrogen 14.0 -434.4 20.4 -423.0 33.0 -400.3
Neon 24.5 -415.6 27.1 -410.9 44.4 -379.8
Oxygen 54.3 -361.8 90.2 -297.3 154.8 -181.1
Nitrogen 63.1 -346.0 77.3 -320.4 126.2 -232.4
Ethane 89.9 -297.8 184.5 -127.6 305.5 90.2
Methane 90.7 -296.4 114.4 -259.2 190.5 -116.8
Methanol 175.2 -144.3 337.9 148.5 513.2 464.1
Acetone 180.0 -135.7 329.4 133.2 508.2 455.1
Ammonia 195.5 -107.8 239.8 -28.0 405.6 270.4
Water 273.2 32.00 373.2 212.0 647.3 705.4
Potassium 336.4 145.8 1032.2 1398.3 2250.0 3590.0
Sodium 371.0 208.1 1152.2 1614.3 2500.0 4040.0
Lithium 453.7 357.0 1615.0 2447.0 3800.0 6380.0
Table 1.1: Working fluid operating characteristics at ambient temperature, Gilmore, (2002 ).
1.4.2 Heat Transport Limits
The heat transport through a conventional heat pipe is subjected to some limits,
which are generally grouped depending on whether they result in a failure or merely
in a performance depletion of the device.
The main heat transport limits are sketched in Figure 1.7 depending on their
impact on the operating temperature and heat input of the device.
Capillary limit
The capability of a capillary structure to sustain the circulation of the working
fluid is limited (Faghri et al., 1989 )(Faghri, 1995 ). The capillary limit, also known
as the hydrodynamic limit, occurs when the capillary pressure gradient is not
sufficient to provide enough liquid to the evaporator section as the sum of liquid and
vapour pressure losses exceeds the maximum capillary pressure value attainable,
which depends on the physical properties of the wick structure and working fluid.
Any attempt to increase the heat transport above the imposed limit causes the
dry-out of the evaporator.
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Figure 1.7: Heat transport limits, Reay et al., (2006 ).
Sonic limit
The evaporator and condenser sections represent a channel with mass addition
and subtraction due to evaporation and condensation effects, respectively. The
sonic limit is analogous to the chocked flow condition in a converging-diverging
nozzle where the evaporator section exit corresponds to the throat of the nozzle.
The vapour velocity may increase along the evaporator without overcoming the
local speed of sound.
The sonic limit corresponds to a specific value of the evaporator temperature
and does not result in a serious failure of the device. Even a slight increase of the
evaporator temperature turns out to be sufficient to increase the heat transport
rate above the value previously set by the vapour velocity.
Boiling limit
The boiling limit occurs when the evaporator radial heat flux becomes high
causing the nucleation of vapour bubbles in the wick structure of the evaporator
section. The bubbles reduce the area available for the fluid motion leading to the
dry-out of the evaporator.
Entrainment limit
A shear force exists at the liquid-vapour interface as the liquid and vapour
move in opposite directions to one another. The entrainment limit occurs when, at
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high relative velocities, some liquid droplets are torn from the wick structure and
entrained in the vapour towards the condenser section leading to the dry-out of the
evaporator.
Vapour pressure limit
The vapour pressure limit, also known as viscous limit, occurs when the vapour
pressure drop is not sufficient to bring the vapour to the condenser section.
Condenser heat transport limit
The condenser heat transport limit occurs when the condenser is not able to
remove the total amount of heat provided to the evaporator section.
The capillary limit is one of the most detrimental with regard to electronics
components cooling as it culminates in an unacceptable overheating of the evaporator
section that compromises the electronics functionality.
1.5 Pulsating Heat Pipes
Pulsating heat pipes are two-phase passive heat transport devices born as an
evolution of conventional heat pipes to overcome some of the aforementioned limits.
The unique feature of pulsating heat pipes, compared with conventional heat pipes,
is that there is no wick structure to return the condensed fluid back to the evaporator
section.
Pulsating heat pipes typically consist of a plain meandering tube of capillary
dimensions with many turns and straight portions that follow one another in an
alternate fashion. The tube is first evacuated and then partially filled with a
working fluid, which resides inside the tube as an alternation of liquid plugs and
vapour slugs. The fluid motion is triggered by self-sustained thermally induced
pressure oscillations.
Chapter 2
Pulsating heat pipes working
principles
Significant experimental and theoretical efforts have been devoted to better
understand the pulsating heat pipes thermal performance: on one hand, experimen-
tal studies have focused on either visualizing the flow patterns or characterizing
the heat transport capability, on the other theoretical analysis have focused on
modeling the complicated thermo-hydrodynamic processes that occur during th
operation of the device.
Although a large number of issues still remain unsolved (Zhang et al., 2008 ),
pulsating heat pipes perspectives are too promising to not be taken into account.
2.1 Structure
Although the fundamental concept of pulsating heat pipes was first introduced
by Smyrnov and Savchenkov, 1971, the exploitation of the working principle from
an engineering point of view was elaborated in the patent by Akachi, 1990. Over
the years, many configurations have been proposed, as illustrated in Figure 2.1.
The configurations can be substantially categorized either as open or closed loop
pulsating heat pipes.
The former have closed tube ends that force the working fluid to oscillate back
and forth around a mean position, the latter have open tube ends connected to each
other to form a closed loop. The working fluid may either oscillate or circulate, thus
contributing to strengthen the heat transport capability (Gi et al., 1999 )(Zhang et
al., 2008 ).
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(a)
(b)
(c)
Figure 2.1: Pulsating heat pipes configurations, Akachi, (1993 )(1996 ).
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Figure 2.2: Fundamental transport processes, Khandekar, (2004 ).
2.2 Operating characteristic
The fundamental mass and heat transport processes and the forces acting on a
typical closed loop pulsating heat pipe control volume are illustrated in Figure 2.2.
A sub-scale analysis of the same control volume would involve much more
complex transport processes and, therefore, is impractical.
The fundamental transport processes are summarized below.
• The flow pattern in a closed loop pulsating heat pipe may be broadly cat-
egorized as capillary slug flow. The flow pattern may change locally to
semi-annular and annular flow as the heat input rises and the thin liquid film
surrounding the vapour bubbles evaporates;
• Liquid slugs having menisci on their edges are formed due to surface tension
forces and the capillary dimensions of the pulsating heat pipe tube. A liquid
thin film surrounds the vapour plugs. The contact angle of the menisci,
the liquid thin film stability and its thickness depends on the fluid-solid
combination and the operating parameters. If a liquid plug is moving or tends
to move in a specific direction then the leading contact angle (advancing) and
the lagging contact angle (receding) may be different. This happens because
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the leading edge of the plug moves on a dry surface (depending on the liquid
thin film stability and existence) while the lagging edge moves on the just
wetted surface. The major contribution of pressure drop in a capillary slug
flow comes from the liquid plug and the leading and lagging faces (ends) of
the bubble. The in between length of the bubble body does not generally
contribute to the overall pressure drop;
• Since usually surface tension forces and buoyancy forces are of the same order
of magnitude, the liquid and vapour plugs move against the gravity vector
at an angle depending on the global pulsating heat pipe orientation and the
location of the plugs in the up-header or down-header tubes. The extent of the
effect of gravity on pulsating heat pipe operation is still not fully established;
• The liquid and vapour plugs are subjected to pressure forces from the adjoining
plugs;
• The liquid and vapour plugs experience internal viscous dissipation as well as
wall shear stress as they move in the pulsating heat pipe tube. The relative
magnitude of these forces will depend on the flow field motion;
• The liquid-vapour plugs may receive and reject heat mostly in the radial
direction but also in the axial one, or move without any external heat transfer
depending on their location in the tube;
• In the evaporator the liquid plug receives heat and two different phenomena
may occur: if the liquid plug enters the evaporator in a sub-cooled condition,
sensible heat plays the main role while, if the liquid plug already is in saturated
condition, heating is simultaneously followed by evaporation mass transfer
to the adjoining vapour bubbles or breaking up of the liquid plug itself with
creation of new bubbles in between as a result of nucleate boiling in the slug
flow regime. The saturation pressure and temperature thus increase locally;
• When a vapour bubble travels in the evaporator zone evaporation mass transfer
from the surrounding liquid film and the adjoining liquid plugs thereby occurs
increasing the instantaneous local saturation pressure and temperature and
providing the pumping work to the system;
• The above processes, as described for the evaporator, are repeated in a reverse
direction in the condenser;
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• In the adiabatic section, while passing from the evaporator to the condenser,
the train of vapour-liquid slugs are subjected to a series of complex heat
and mass transfer processes. Essentially non-equilibrium conditions exist
whereby the high pressure, high temperature saturated liquid-vapour plugs
are brought down to low pressure, low temperature saturated conditions
existing in the condenser. Internal enthalpy balancing in the form of latent
heat takes place by evaporation mass transfer from the liquid to the vapour
plugs whereby saturation conditions are always imposed on the system during
the bulk transit in the adiabatic section. It is to be noted that does not occur
’classical steady state’ in pulsating heat pipe operation. Instead pressure
waves and pulsations are generated in each of the individual tubes, which
interact with each other possibly generating secondary and ternary reflections
with perturbations;
• Heat transfer coefficients are different for the vapour plug, the liquid slug and
the liquid film and their analytical calculation is far from being an easy issue.
2.2.1 Thermodynamic considerations
The performance of a closed loop pulsating heat pipe primarily relies on the
continuous maintenance or sustenance of non-equilibrium conditions inside the
system, which can not be thoroughly described by a single thermodynamic state.
A temperature gradient markedly prevails between the heat input and output
regions during the device operation due to the local heat transport differences that
always are expected in a real system and leads to thermally driven non-equilibrium
pressure fluctuations, which constitute the fundamental transport mechanism of
the working fluid.
Although the exact features of the non-equilibrium phenomena that occur during
operation are still not clear, the ideal thermodynamic cycle can be satisfactorily
represented in a pressure-enthalpy diagram, as that illustrated in Figure 2.3.
The model is valid under the occurrence of some assumptions:
• The pulsating heat pipe consists in a single loop;
• The pulsating heat pipe is divided into four control volumes (lumped parame-
ters model) of which one for the evaporator, one for the condenser and two
for the adiabatic section, respectively;
• The control volumes experiences thermodynamic equilibrium conditions;
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Figure 2.3: Closed loop pulsating heat pipe thermodynamic cycle, Khandekar et al., (2004).
• The control volumes experience steady state conditions.
The temperature and vapour quality of the two-phase mixture at the evaporator
and condenser outlets can be easily pointed and the locations corresponding to
the thermodynamic state of the working fluid in these conditions can be sketched
on the pressure-enthalpy diagram (points B and D in Figure 2-3). The pressure
decreases isenthalpically as the working fluid travels through the adiabatic and,
therefore, the locations corresponding to the thermodynamic state of the working
fluid at the evaporator and condenser inlets can be sketched (points A and E in
Figure 2-3).
In the last decade, mathematical modeling and theoretical analysing have at-
tempted to investigate the thermal performance of a pulsating heat pipe by using
some simplified approaches (Shafii et al., 2001 )(Zhang et al., 2002 )(Holley et al.,
2005 ) mostly based on the governing equations that express the conservation of
momentum and energy.
In parallel, experimental researches have been carried out in order to validate
the proposed thermal models and suggest further information about the operation
of the device with change of one or more characteristic parameters.
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2.3 Operating parameters
Pulsating heat pipes operating parameters can be categorized as geometrical
parameters, i.e. inner tube diameter, tube cross sectional shape, evaporator and
condenser sections length, number of turns, operational parameters, i.e. heat input,
orientation and physical parameters, i.e. working fluid thermo-physical properties,
filling ratio.
The main operating parameters are briefly described below.
2.3.1 Inner tube diameter
The inner tube diameter is the most important geometrical parameter as it is
associated with the fundamental definition of a pulsating heat pipe: in particular,
the inner tube diameter should be smaller enough so that surface tension may
predominate over gravitational forces and distinct liquid slugs and vapour plugs
may form.
A cylindrical bubble rises through a denser liquid because of its buoyancy. The
bubble rise velocity v∞ is apparently governed by mutual interactions between
buoyancy and the other forces that act on the bubble. If the viscosity of the vapour
in the bubble can be neglected, the other forces, apart from buoyancy, that need
to be taken into account are those from liquid inertia, liquid viscosity and surface
tension.
The balance between buoyancy and the aforementioned forces can be expressed
through three non-dimensional parameters (Bretherton, 1961 )(Wallis, 1969 ):
• The Froude number;
• The Poiseuille number;
• Eo¨tvo¨s number;
which are defined as, respectively:
Fr =
ρl · v∞2
d · (ρl − ρv) · g (2.1)
Po =
(v∞ − µl)/d
d · (ρl − ρv) · g (2.2)
Eo =
d · (ρl − ρv) · g
σ/d
. (2.3)
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Figure 2.4: Bubble rise velocity (White et al., 1962)
The Eo¨tvo¨s number is usaually replaced by the Bond number, which is defined
as:
Bo =
√
Eo (2.4)
When viscous and surface tension forces can be neglected, the bubble rise
velocity can be obtained through Equation 2.1. Similarly, when viscous forces
constitute the only predominant factor, the bubble rise velocity can be obtained
through Equation 2.2. Finally, when surface tension forces prevail, is the case of
interest of the present research work.
It is interestingly to note that in the expression of the Bond number the term
representing the bubble rise velocity does not appear, thus leaving unanswered the
question of how it can be determined under the influence of surface tension forces.
Since the general solution is governed by the three non-dimensional parameters,
defined above, it can be represented as a two-dimensional plot of any two of them.
When the above problem was attempted analytically, it was suggested that the
Froude number and the Eo¨tvo¨s number should tend to zero at the same time. In
simpler terms this means that the bubble rise velocity should tend to zero as the
inner tube diameter was reduced, thus making the Eo¨tvo¨s number approaching
zero.
Some experimental results, as those reported in Figure 2.4, have negated this
hypothesis and highlighted that exist a critical value of the Eo¨tvo¨s number beyond
which a bubble does not rise up by buoyancy but remains hanging inside the tube.
The main conclusions are, as follows:
• The bubble rise velocity approaches a constant value as the Eo¨tvo¨s number
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increases beyond a characteristic value, which for many common working
fluid is approximately in the neighbourhoods of Eo = 70;
• The bubble rise velocity continuously decreases as the Eo¨tvo¨s number decreases
below the aforementioned value;
• The bubble rise velocity approaches zero as the Eo¨tvo¨s number decreases
beyond a critical value, which is approximately fixed to Eo = 4
Then, the condition in which the surface tension dominates and, therefore, the
bubble rise velocity is identically zero can be expressed as:
dBo ≈
√
σ
g · (ρl − ρv) (2.5)
The above criterion based on the Bond number alone may be not sufficient to
define the confinement of the working fluid as also the dynamics has clearly a role.
When the working fluid motion is activated in fact the inertial and viscous effects
may become dominant over the capillarity depending on the liquid-vapour interfacial
velocity. Furthermore the variation of the physical properties with temperature can
not be neglected.
The inertial and viscous effects on the confinement of the working fluid may be
evaluated by introducing two additional non-dimensional parameters next to the
aforementioned Bond number (Gu et al., 2004 )(Harichian et al., 2010 ).
2.3.2 Heat input
The heat input affects the level of perturbations inside a pulsating heat pipe and,
therefore, the overall thermal performance. Moreover, the heat input is directly
responsible of the flow pattern existing inside the tube, as explained in Section
2.4.1.
2.3.3 Working fluid filling ratio
The Filling Ratio (FR) is typically defined as the ratio between the volume of
the working fluid actually contained inside the pulsating heat pipe and the total
internal volume of the pulsating heat pipe itself, at ambient temperature.
A pulsating heat pipe has two operational extremes with respect to the filling
ratio, which corresponds to an empty device and a completely fully device, respec-
tively. The former has a high thermal resistance as the heat transport takes only
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place via conduction through the pulsating heat pipe tube while the latter is similar
in operation to a single-phase thermosyphon where sensible heat transport occurs
due to thermally induced buoyancy.
On one hand, if the filling ratio is too low, there are not enough liquid slugs and,
therefore, the pulsating heat pipe exhibits a tendency towards the dry-out of the
evaporator while, on the other, if the filling ratio is too high, there are not enough
bubbles to generate the internal pressure fluctuations that sustain the circulation
of the working fluid.
2.3.4 Working fluid thermophysical properties
The main working fluid thermophysical properties and their potential impact on
the overall heat transport capability of a pulsating heat pipe are described below.
Surface tension
A higher surface tension increases the maximum allowable inner tube diameter
and the pressure drop sustained by the working fluid. A larger inner tube diameter
clearly enhances the device overall heat transport capability while a higher pressure
drop demands a higher heat input to sustain the circulation of the working fluid.
Latent heat of vaporization
A lower latent heat causes the liquid phase to evaporate more quickly at a defined
temperature and a higher saturation pressure. Then, the oscillation amplitude
of the working fluid increases and the overall heat transport capability clearly
improves.
Specific heat
A higher specific heat enhances the amount of sensible heat transferred by the
pulsating heat pipe. As latent heat plays an insignificant role in the overall heat
transport capability a higher specific heat is desiderable.
Viscosity
A lower dynamic viscosity reduces the shear stress along the tube wall and the
pressure drop sustained by the working. Then, a lower heat input is required to
sustain the circulation of the working fluid.
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2.3.5 Orientation
The orientation with respect to the gravity vector coupled to the number of
turns affects in a deep manner the thermal performance of a pulsating heat pipe.
Although the thermal performance is generally better when the gravitational
potential supports the movement of the working fluid, an increase of the number of
turns also determines an increase of the internal pressure fluctuations, thus allowing
a pulsating heat pipe to work satisfactorily at any orientation.
2.3.6 Number of turns
The number of turns in a pulsating heat pipe affects the overall thermal per-
formance and relieves the effect of the orientation with respect to the gravity
vector.
The effective thermal conductivity of a pulsating heat pipe is not a constant but
it is influenced by the internal pressure fluctuations, flow patterns and temperature
gradients that prevail between the evaporator and condenser sections due to local
heat transport differences. Then, an optimal number of turns exist for a heat
throughput requirement.
2.4 Single loop pulsating heat pipe
Single loop pulsating heat pipes are regarded as a primary building block of
closed loop pulsating heat pipes by some influential authors. Although there are
some fundamental differences, the results of previous studies support the overall
assumption.
An overview of the available literature results concerning single loop pulsating
heat pipes are presented hereafter.
2.4.1 Flow patterns
The thermal performance, i.e. overall thermal resistance, of a single loop
pulsating heat pipe is strongly related to the two-phase flow patterns existing inside
the tube.
The results of previous experimental studies, as illustrated in Figure 2.5,
markedly evidence the existence of different flow patterns depending on the selected
boundary conditions and, in particular, on the selected heat input values.
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(a)
(b)
Figure 2.5: Heat input effect on thermal performance, Khandekar et al., (2004).
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The thermal performance related to a low heat input power (a) is poor. The
bubbles oscillation amplitude is small as the bubbles in the adiabatic section act like
isolator, considerably thwarting the mixing of hot and cold working fluid portions.
The noticeable flow pattern in such a condition can be certainly categorized as
capillary slug.
An increase of the heat input power (b)(c) results in an increase of the bubbles
oscillation amplitude and, therefore, in a substantial improvement of the thermal
performance, as the amplitude becomes comparable to the overall length of the
loop and more working fluid is able to reach the condenser section.
A complete turn (d) of the working fluid starts sometimes in the clockwise and
sometimes in the anticlockwise direction, depending on the local phases distribution
in the single loop pulsating heat pipe tube sections. Then, the working fluid
circulation goes on for a considerably long time until a direction reversal takes
place; meanwhile an annular flow starts to develop in the up-header arm, which
changes back to slug flow by a bridging action as the working fluid travels towards
the condenser section end.
A further increase of the heat input power (e) causes the flow direction reversal
to stop completely. In such a condition, a fully developed annular flow and a bubbly
flow are recognized in the up-header and down-header branches, respectively, and
the thermal performance of the device reaches its lowest value.
2.4.2 Multiple quasi-steady states
The occurrence of multiple operational quasi-steady states in a single loop
pulsating heat pipe has been noticed by Khandekar et al., 2009, without acting
on any externally controllable parameters or boundary conditions during each
experimental run.
The experimental set-up proposed by Khandekar et al. whose characteristics
are illustrated in Figure 2.6, was partially filled with ethanol (60 % filling ratio)
and supplied with a constant 20 W heat input power after accounting for losses.
The quasi-steady states, as illustrated in Figure 2.7, are represented by distinctive
temperature and pressure characteristic features and flow patterns, thus revealing
the strong thermo-hydrodynamic coupling governing the thermal performance.
The distinctively observed quasi-steady states and the transition phases from
one condition to the other are briefly discussed below.
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Figure 2.6: Single loop pulsating heat pipe experimental set-up, Khandekar et al., (2009 ).
Start-up phase
The working fluid naturally distributes itself in the form of liquid plugs and
vapour slugs after the device has been evacuated and partially filled. The system
will remain in such a phase distribution until an external disturbance will be applied,
as the predominance of surface tension over buoyancy prevents vapour slugs to rise
up through the tube.
The time interval, from the initial phase distribution to the instant when
working fluid oscillations start is termed start-up phase. The start-up phase can be
categorized either as gradual or sudden depending on the elapsed time before the
beginning of the earliest temperature and pressure fluctuations. The occurrence
of gradual or sudden start-up most likely relies on the initial phase distribution of
the working fluid and has a considerable impact on the thermal performance of the
device.
During gradual start-up, the evaporator temperature keeps rising steadily until a
sufficient temperature gradient is established between the evaporator and condenser
sections to initiate movement. The start-up immediately leads to the mixing of
hot and cold working fluid portions, thus causing the condenser temperature to
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(a)
(b)
(c)
(d)
Figure 2.7: Temporal evolution of temperature and pressure, Khandekar et al., (2009 ).
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increase sharply and the evaporator temperature to decrease, as colder working
fluid goes down.
During sudden start-up, the above sequence of events takes place in a relatively
smaller time interval, i.e. working fluid oscillations start almost immediately at
power on.
Steady State 1 (SS1)
The steady state denoted as SS1 is characterized by periods of working fluid
movement and stop-over that repeat themselves in a quasi-periodic fashion.
A gradual start-up, as noted above, starts after a sufficient temperature gradient
is established between the evaporator and condenser sections. The commencement
of oscillations leads to the mixing of hot and cold fluid portions, which temporar-
ily lowers again the temperature gradient and, therefore, stop the working fluid
circulation.
The flow pattern in this state of operation is characterized by unidirectional
flow circulation with intermittent working fluid stoppages. Since the average void
fraction integrated over the loop is fixed an increase of the void fraction in one
section corresponds to a decrease of the void fraction in the other. Then, in the up-
header arm the flow pattern is prevalently churn-annular while in the down-header
is bubbly.
Steady State 3 (SS3)
The steady state denoted as SS3 is the best operational state of a single loop
pulsating heat pipe in terms of thermal performance. The state is similar to that
mentioned above except for the fact that there are no working fluid oscillations
stoppages.
Transition phase
The liquid phase exhibits a tendency towards accumulation in the cold condenser
section, thus leading to an enhanced spatial segregation of the working fluid phases
along the single loop pulsating heat pipe: in particular, the condenser section gets
flooded by a large liquid plug while the evaporator section remains starved of liquid
inventory.
The accumulation of liquid phase in the condenser section may, under suitable
conditions, trigger a transition from one steady state to another. The transition
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is characterized by a rapid change of the flow pattern, from unidirectional flow
circulation to bidirectional flow reversals; a fully developed churn annular flow and a
bubbly flow are noticeable in the up-header and down-header branches, respectively,
until such a condition reverses and the working fluid starts moving in the opposite
direction.
The liquid plug becomes more and more large as flow reversals follow each other,
thus leaving the evaporator section increasingly dry; meanwhile, the evaporator
temperature steadily increases and, therefore, the thermal performance of the device
deteriorates.
The quasi-periodic bidirectional flow reversals become more and more erratic as
the local void fraction in the evaporator section continues to increase, eventually
leading to a completely different steady state.
Steady State 2 (SS2)
The steady state denoted as SS2 is characterized by a nearly complete segregation
of working fluid phases that degrades the thermal performance of the device.
The small amount of liquid that remains in the hot evaporator section continues
to boil randomly but the disturbance that ensues is not sufficient to break the
menisci surface tension of the hanging liquid slug in the condenser section.
Steady State 4 (SS4)
The steady state denoted as SS4 is characterized by the complete segregation
of working fluid phases between the heat input and output regions: a large liquid
plug is held up in the condenser section while a stagnant vapour slug resides in the
evaporator. As a result, the mixing of hot and cold working fluid portions ceases to
occur and the evaporator temperature and pressure steadily increases.
The liquid plug held-up in mechanical quasi-equilibrium in the condenser section
is subjected to gravitational body force, which is supported by the vapour pressure
in the vapour plug at the respective menisci. The above condition may be disturbed
by an external stimuli or an internally generated interface instability, which in some
cases may break the menisci surface tension and cause the system to go back to a
different steady state.
The occurrence of multiple quasi-steady states during the operation of a single
loop pulsating heat pipe clearly affects its thermal performance and reliability. In
literature, a large number of techniques have been proposed to address the problem
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and stabilize the circulation of the working fluid. The techniques range from an
asymmetrical arranged diameter configuration (Hooley et al., 2005 )(Chiang et al.,
2012 ) (Chien et al., 2012 ) to the use of flow control check valves (Rittidech et al.,
2007 ). In the present research work, a novel technique based on the application of
an electric field is proposed.
Chapter 3
Electric field effect on phase
distribution
Single loop pulsating heat pipes operation, as discussed in Section 2.4.2, evolves
towards a thermodynamic equilibrium state characterized by the complete segre-
gation of working fluid phases between the heat input and output regions. As a
result, the working fluid oscillations stop completely and the thermal performance
rapidly deteriorate.
The equilibrium state may be disturbed by an externally triggered perturbation
or internally generated interface instability. If a disturbance is strong enough to
break the menisci surface tension, the redistribution of phases can take place, thus
causing the system to go back to a different state depending on the extent of spatial
phase distribution homogeneity achieved through the mixing of the working fluid.
An external source of perturbation that already has proven effective in some
heat transfer applications (Di Marco et al., 1993 ) is that provided by an electric
field. The electric force that arises from the application of an electric field on a
two-phase flow in drives the vapour of lower dielectric constant towards the region
of weaker electric field, thus giving the occasion of separating phases (Landau at
al., 1984 )(Di Marco, 2012 ).
3.1 Electric force characteristics
The force per unit volume that acts on a dielectric medium under the influence
of an external electric field can be expressed as (Landau et al., 1984 ):
f
′′′
e = ρfE −
1
2
0E
2 +
1
2
0grad(bE
2) (3.1)
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where:
b = ρ(
δr
δρ
)T (3.2)
The first term in Equation 3-1, also known as Coulomb’s force, depends on
the sign of the electric field and generally predominates over the other force
contributions.
The remaining contributions encompass dielectrophoresis and electrostriction,
although there is no agreement in literature about a clear distinction of the separate
effects. The dielectrophoresis term is associated to non-homogeneities in the
dielectric constant, which in turn are coupled with thermal gradients or phase
discontinuities, the electrostriction term is associated to non-uniformities in the
electric field distribution.
The body force can be reformulated as the divergence of a stress tensor:
f
′′′
e = divT e (3.3)
where the stress tensor T e is termed Maxwell stress tensor. It can be verified
by considerations about the rotational equilibrium of a rectangular control volume
under the action of surface stresses that the stress tensor must be symmetric. The
resulting electric force transmitted across a surface S having normal outward unit
vector n can then be expressed as:
F e =
∫∫
S
T e · n dS (3.4)
The components of the stress tensor can be expressed as (Panofsky et al., 1962 ):
tik = 0rEiEk − 1
2
0E
2[r − b]δik (3.5)
3.2 Governing equations
The differential equations that describe the electrohydrodynamic interactions of
an electric field with an incompressible fluid arise from the Navier-Stokes’s equations
describing mass and momentum conservation coupled with Maxwell’s equations.
The complete set of equations, assuming a linear and homogeneous dielectric, is:
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div(v) = 0 (3.6)
ρ
Dv
Dt
= −grad(pm) + µO2v + ρg + f ′′′e (3.7)
div(r0E ) = ρf (3.8)
curl(E ) = 0. (3.9)
The value of the mechanical pressure in an uncharged fluid at rest can be derived
combining together Equation 3-1 and Equation 3-7 (Castellanos, 1998 ):
pm = ρgy +
1
2
0E
2b+ const (3.10)
The boundary conditions for the normal and tangential components of the
electric field at the liquid-vapour interface are, respectively:
0(r,lEn,l − r,vEn,v) = σf (3.11)
Et,l = Et,v. (3.12)
where σf in the free charge density at the liquid-vapour interface, which is
proportional to the normal component of the electric field.
The transport of electric charge in the absence of ionic charge can be expressed
as:
j = σeE + ρfv (3.13)
where the contribution of ohmic conduction and free charge convection has been
accounted for, respectively.
The conservation of free charge is:
div(j ) +
δρf
δt
= 0 (3.14)
3.3 Electric field effect on phase separation
The dielectrophoretic force that arises on a small spherical or elliptical bubble
immersed in a fluid medium where a non-uniform electric field is present can be
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expressed as (Landau et al., 1984 ):
F d =
2
3
pir3b
r,b − r,f
nr,b + (1− n)r,f 0r,fgradE
2 (3.15)
where rb is the equivalent radius of the bubble and n is a constant, which can
be determined through an elliptic integral related to the eccentricity of the bubble.
The bubble, which exhibits a lower dielectric constant compared to the sur-
rounding medium, tends to be moved towards the region of weaker electric field
intensity. The tendency still applies regardless of the electric field polarity, as only
the square of the electric field intensity appears in the force formulation.
A uniform electric field, theoretically, should not result in a net force on a bubble
immersed on it (Taylor, 1966 ). However, even a slight irregularity in bubble shape
or position is sufficient to break the symmetry of the electric field.
Chapter 4
Experimental set-up
The present chapter provides a detailed description of the single loop pulsating
heat pipe experimental set-up represented in Figure 4.1. The experimental set-up
has been designed and tested in the Thermal Laboratories at the University of Pisa.
The experimental set-up has been designed in order to facilitate parametric
investigation as well as simultaneous flow visualization, as earlier research on the
operational behaviour of pulsating heat pipe has clearly pointed out the strong
thermo-hydrodynamic coupling governing the thermal performance.
Although inspired by Khandekar et al., 2009, the single loop pulsating heat pipe
geometry has been conceived in order to investigate the effect of the application of
an electric field on the thermal performance and reliability of the device.
A couple of electrodes is laid parallel to the longitudinal axis of the glass tube
constituting the adiabatic section and fitted in a high dielectric strength material in
order to prevent the dielectric breakdown phenomenon of the surrounding medium.
4.1 Test-cell (A)
The single loop pulsating heat pipe test-cell (A) illustrated in Figure 4.2 consists
of three main sections, as follows:
• The evaporator section;
• The adiabatic (or transport) section;
• The condenser section.
The tubes that constitutes the evaporator and condenser sections are made up
of copper in order to minimize the thermal resistance of the heat input and output
37
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Figure 4.1: Single loop pulsating heat pipe experimental set-up.
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Figure 4.2: Single loop pulsating heat pipe test-cel (A).
regions while the tubes that constitutes the adiabatic section are made up of glass
in order to allow flow visualization and provide thermal insulation from the external
environment.
The tubes Internal Diameter (ID) is 2.00 mm, below the critical diameter
(Equation 2.5) of the employed working fluid, i.e. 99 % pure ethanol.
The distinguishing geometrical details of the single loop pulsating heat pipe
test-cell (A) are illustrated in Figure 4.3.
The tubes are joined together to form a closed loop according to the coupling
procedure illustrated in Figure 4.4 and briefly described below.
The copper tube end is bonded to a cylindrical element while the glass tube end
is bonded to a male thread element, both made up of glass reinforced Techtron®,
an innovative material which exhibits a low moisture absorption coefficient and a
good dimensional stability over a wide range of temperature. The selection of a
plastic material in place of a metallic one is also intended to minimize the thermal
inertia of the connection.
An epoxy adhesive (make: Loctite®, model: Hysol 9492) with a high tempera-
ture resistance and low outgassing is employed as a connecting element.
The cylindrical element is pressed against a Viton® O-ring by tightening
the female thread element made-up of aluminium in order to realize an airtight
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Figure 4.3: Single loop pulsating heat pipe test-cell (A) geometrical details.
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Figure 4.4: Tubes coupling procedure.
connection. The design request for an airtight connection will be explained in
Chapter 5.
The male thread element on the left side of the evaporator section is made
higher in order to accommodate a pressure transducer (make: Kulite®, model:
XCQ-062) and a straight copper tube ending in a micro-metering valve (make:
Upchurch Scientific®, model: P-447) directed towards the emptying and filling
system that will be described in Section 4.3
The pressure transducer full-scale output range extends up to 1.7 bar with
an accuracy of 0.05 bar accounting for combined non-linearity, hysteresis and
repeatability.
The design solution that consists of deriving the ports directly on the male
thread element on one end permits to decrease the filling ratio uncertainty, on the
other to reduce the dead volume inside the circuit. Any additional volume, in fact,
may act as a pressure accumulator thwarting the thermally driven internal pressure
fluctuations.
The single loop pulsating heat pipe was equipped with nine T-type thermocouples
positioned as illustrated in Figure 4.3. The thermocouples post-calibration accuracy,
determined by approximating the indicated temperature data with the linear
distribution that ensues from the use of the least square method, is 0.1 °C.
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Figure 4.5: Single loop pulsating heat pipe test-cell exploded
An exploded representation of the single loop pulsating heat pipe test-cell, with
focus on the aforementioned components, is illustrated in Figure 4.5.
The geometrical details and overall dimensions of the tubes connection main
components are reported for clarity in Appendix B.
4.1.1 Evaporator section
The evaporator section consists of two copper plates having circular cross-section
channels in order to embed the central portion of the evaporator copper tube. The
evaporator copper tube is placed in thermal contact with the copper plates by a
high heat transfer compound. The assembly of tube and plates is termed evaporator
copper block.
A couple of silicone rubber heaters (make: Minco®, model: HR5364R125L12A)
located at each side of the evaporator copper block provide the heat input to the
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Figure 4.6: Evaporator section
system, which promotes either the oscillation or circulation of the working fluid
((red line in Figure 4.6).
The evaporator copper block is at last thermally insulated by two Mica® fiber
sheet and two Bakelite® back plates located at each side and tightened through a
vise.
The evaporator temperature is measured by three equally spaced T-type ther-
mocouples positioned as illustrated in Figure 4.6.
The geometrical details and overall dimensions of the evaporator section main
components are reported for clarity in Appendix B.
4.1.2 Adiabatic (or transport) section
The adiabatic (or transport) section is made up of straight borosilicate glass
tubes in order to facilitate flow visualization. The images were recorded by a
high-speed camera (make: Fastec Imaging®, model: TSHRME) at a sampling
frequency of 10 frames per second.
The typical liquid plugs and vapour slugs distribution at the end of the filling
procedure is illustrated in Figure 4.7.
The electrodes are two circular cross-section copper wires laid parallel to the
longitudinal axis of the glass tube and fitted in a Teflon® case in order to prevent
electrical discharge through the electrodes surrounding medium.
The case, as illustrated in Figure 4.8, consists of two symmetric sections,
each having a circular cross-section through hole to embed the glass tube and a
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Figure 4.7: Liquid plugs and vapour slugs distribution.
Figure 4.8: Electrodes case.
longitudinal groove to maintain the electrodes in the correct relative position to
the tube.
The electrodes are fed by a high voltage dc power supply (make: Spellman®,
model: RHR30P30/220) with a voltage up to 30 kV and an accuracy of 500 V.
The electrodes geometry was investigated by performing a two-dimensional
electrostatic simulation with the aid of COMSOL Multiphysics® software in order
to determine the configuration that result in the highest electric field in the fluid
region.
The simulation results are briefly discussed below.
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Electrodes geometry
The simulation was carried out ranging the electrodes diameter according to
the values reported in Table 4.1. A previous feasibility study by Di Marco et al.,
2013, has highlighted that the electric field that arises in the fluid region as a result
of the application of a potential difference to a couple of wires looks preferable than
to other electrodes configurations, which, therefore, are not taken into account.
Electrodes diameter
mm
1st electrodes configuration 0.25
2nd electrodes configuration 0.50
3rd electrodes configuration 0.75
4th electrodes configuration 1.00
Table 4.1: Electrodes diameter.
The conditions of charge conservation and zero charge were first applied to all
domains and all boundaries of the simulation, respectively. The electrodes were
connected to ground and to a terminal supplied at 10 kV.
The dielectric constants of the material of interest with regard to the present
simulation are reported in table 4.2.
Electrodes diameter
Air 1.0
Borosilicate glass 4.7
Ethanol 25
Teflon® (polytetrafluoroethylene) 2.1
Table 4.2: Dielectric constants.
The electric field trend that results from the first electrodes diameter configura-
tion is illustrated in Figure 4.9. The average value of the electric field is largest
close to the point of contact between the glass tube and the electrodes, as can be
noticed in the magnified viewing showing one of the electrodes, while is smallest
inside the glass tube as a result of the polarization phenomenon that occurs in the
working fluid.
The electric field trend inside the glass tube for each of the proposed electrodes
diameter configurations is illustrated in Figure 4.10. The x-axis represents the line
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(a)
(b)
Figure 4.9: Electric field distribution: (a) overall view, (b) magnified view.
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Figure 4.10: Electric field trend in the working fluid region.
joining the electrodes while the y-axis represents the average value of the electric
field.
According to Equation 3-1, the higher the electric field in the fluid region, the
higher the force per unit volume exerted at the liquid-vapour interface. Then, the
solution characterized by the greatest electrodes was selected.
4.1.3 Condenser section
The condenser section is a double-pipe heat exchanger, which consists in two
concentric copper tubes of different diameters. The working fluid (red line in Figure
4.11) flows through the inner pipe while the cooling medium (blue line in Figure
4.11) flows through the annular space in between the tubes.
Although two different flow arrangements are possible in a double-pipe heat
exchanger, the unpredictability of the single loop pulsating heat pipe concerning
the direction of circulation makes not possible the selection of the best efficiency
solution.
To increase the heat exchange area and the cooling medium residence time three
equally spaced copper baﬄes are brazed to the inner pipe.
The cooling medium temperature was measure by two T-type thermocouples
positioned at the inlet and outlet ends of the cooling medium, as illustrated in
Figure 4.11.
The condenser section was supplied with water coming from a constant temper-
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Figure 4.11: Condenser section.
ature bath (make: Haake®, model: DC10-K20) set at a temperature of 15 °C (0.02
°C accuracy).
The water mass flow rate to the heat exchanger was regulated through a shut off
valve and set approximately to 6 g s-1 for the entire duration of each experimental
test.
4.2 Test-cell (B)
The single loop pulsating heat pipe test-cell (B) illustrated in Figure 4.12 differs
from the other configuration for what concern the tubes fittings material and
structure.
The tubes are coupled together by a nipple made up of brass. The copper tubes
are welded to the nipple with a tin alloy while the glass tubes are bonded. The
T-junction illustrated in Figure 4.13 is located on the left hand side of the evaporator
section in order to accommodate in addition to the aforementioned tubes also a
pressure transducer (make: Kulite®, model: ETL/T-312) and a straight copper
tube connecting the single loop pulsating heat pipe to the emptying and filling
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Figure 4.12: Single loop pulsating heat pipe test-cell (B).
Figure 4.13: T-junction.
system. The pressure transducer is larger than the one installed in the test-cell (A)
and has inevitably a keen influence on the overall dimensions and thermal capacity
of the T-Junction.
4.3 Emptying and filling system
The emptying and filling system, as illustrated in Figure 4.14, is the system
devoted to load up the single loop pulsating heat pipe test-cell.
The emptying and filling system basically consists of a graduated thank and
three ports, as follows:
• A port to the single loop pulsating heat pipe;
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Figure 4.14: Emptying and filling system.
• A port to the vacuum pump;
• A port to the working fluid thank.
The emptying and filling system is completed by a series of micro-metering
valves (make: Upchurch Scientific®, model: P-447) regulate the fluid passage by
connecting or closing parts of the circuit depending on the operations.
A detailed overview of the main emptying and filling system operations will be
presented in Chapter 5.
4.4 Data acquisition system
The temperature and pressure data coming from the sensors in the circuit
were recorded by an acquisition system (make: National Instruments®, model:
cRIO-9074) according to the rough scheme illustrated in Figure 4.15 and real time
monitored by a proper programme developed on LabView® software.
The data sample rates are reported in 4.3.
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Figure 4.15: Data acquisition system scheme.
Acquisition frequency
Hz
Pressure 20
Temperature 10
Table 4.3: Data sample rates.
Chapter 5
Experimental campaign
TThe experimental campaign main objective was to investigate the effect of the
application of an electric field on the thermal performance and long-term stability
of the single loop pulsating heat pipe operation.
A general characterization of the thermal performance of both devices presented
in the previous chapter was first obtained by gradually increasing the heat input
until the performance limit was reached, i.e. the average evaporator temperature
started to rise sharply and the evaporator dry-out condition was approached. The
devices differ for the presence of a dead volume related to the pressure transducer
fitting and give the opportunity to investigate the effect of the dead volume on the
thermal performance.
In the present framework, a series of long-run experimental test on test-cell
(A) were carried-out in order to investigate the temporal evolution and stability of
the single loop pulsating heat pipe operation and verify the existence of multiple
quasi-steady states reported for the first time by Khandekar et al., 2009. It is worth
to note that the existence of multiple quasi-steady states would not be beneficial in
terms of the reliability of these devices and would prevent their use in the industry
applications.
Since the presence of dead volumes makes the single loop pulsating heat pipe
operation unstable and worsens the thermal performance, the test-cell (B) was
selected as a test-case for the application of an electric field with the aim of
stabilizing the operation. Furthermore, before the application of an electric field,
the thermal effect tied to the introduction of the electrodes case in the adiabatic
section was investigated.
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5.1 Experimental procedure
The experimental procedure as well, as some preliminary actions including the
emptying and filling procedure, are briefly described below.
5.1.1 Emptying and filling procedure
The emptying and filling procedure is performed before the beginning of the
experimental campaign and includes the operations whose main objective is to
ensure the correct filling of the single loop pulsating heat pipe circuit.
The circuit was evacuated by a two-stage vacuum pump (make: Edwards®) until
a pressure level of approximately 10-4 Pa was reached. Then, the micro-metering
valve connecting the single loop pulsating heat pipe to the emptying and filling
system was secured and the pressure was monitored in order to check for the absence
of leakages.
The presence of even small quantities of non-condensable gases inside the single
loop pulsating heat pipe circuit in fact contributes to increase the sub-cooling
degree of the working fluid (O’Conner et al., 1996 ). The resulting effect is an
increase of the working fluid temperatures and pressure, as well as a deterioration
of the thermal performance of the device, even though the operation is not at all
compromised (Taft, 2013 ).
The emptying and filling procedure was completed through some actions that
involves the opening or closing of the micro-metering valves sketched in Figure
5.1. The valves regulate the passage of the working fluid by connecting together of
excluding some parts of the circuit depending on the specific operation that was
requested.
The main actions can be summarized as follows:
• The working fluid tank was completely filled (valve 2 opened);
• The working fluid tank was heated from below through a heat source until
the working fluid temperature reached the boiling point;
• The non-condensable gases released during the boiling process and accumu-
lated at the top of the working fluid tank were sucked through the vacuum
pump (valve 3 and valve 1 opened in succession);
• The aforementioned step was repeated for many times in order to ensure the
proper degassing of the working fluid;
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Figure 5.1: Emptying and filling system procedure.
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• The connection lines between the working fluid main tank and the single loop
pulsating heat pipe was filled (valve 4 opened); the working fluid level was
recorded in order to ensure the correct filling ratio;
• The single loop pulsating heat pipe was filled (valve 0 opened).
The single loop pulsating heat pipe was partially filled with pure ethanol and
a filling ratio equal to 60 % (5 % accuracy) of the total internal volume. The
accuracy was by considering any additional internal volume, i.e. that of the pressure
transducer.
At the end of the emptying and filling procedure, the micro-metering filling
valve denoted as valve 0 in Figure 4-4 was definitively secured.
The experimental results are presented in terms of temperatures and pressure
temporal evolutions accompanied by a detailed description of the existing two-phase
flow pattern that can be observed in the adiabatic section.
The thermal performance of the single loop pulsating heat pipe was evaluated
in terms of some important parameters, including those referred below.
The equivalent thermal resistance of the device can be expressed as:
Req =
T e − T c
Q
(5.1)
where T e is the average evaporator temperature and T c is the average condenser
temperature and Q is the heat load.
The heat load can be expressed as:
Q = Qin −Qout (5.2)
where Qin is the electrical power provided to the silicone rubber heaters and
Qout is the heat loss to ambient air.
The average temperature can be calculated as:
T =
1
n
n∑
j=1
Tj (5.3)
where n is the total number of points in which the temperature is acquired.
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5.2 Effect of the presence of a dead volume on
thermal performance
The main experimental results obtained through the analysis of the single loop
pulsating heat pipe test-cell (A) are briefly summarized below.
5.2.1 Stepwise increased heat input experimental tests
A general characterization of the thermal performance of the single loop pulsating
heat pipe was carried out by gradually increasing the heat input up to a level of
70 W. Each heat input level is kept constant for a thirty minute’ duration before
moving to next one.
Test-cell (A) stepwise increased heat input experimental test
The temperatures and pressure temporal evolutions, found during the stepwise
increased heat input experimental test, are plotted in Figure 5.2.
The equivalent thermal resistance is then plotted in Figure 5.3.
Test-cell (B) stepwise increased heat input experimental test
The temperatures and pressure temporal evolutions, found during the stepwise
increased heat input experimental test, are plotted in Figure 5.4.
The equivalent thermal resistance is then plotted in Figure 5.5.
The experimental results presented above evidence how the presence of a relatively
small dead volume as that associated to the pressure transducer fitting influence
the equivalent thermal resistance of a single loop pulsating heat pipe and limits the
device operation to a lower heat input level.
5.2.2 Long-run experimental tests
After a general characterization of test-cell (A) in terms of thermal performance
obtained upon varying the heat input, a series of long-run experimental tests were
conducted in order to investigate into the temporal evolution of the device operation
and the eventual occurrence of unstable phenomena that may lead to the dry-out
condition.
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(a) Temperatures
(b) Pressure
Figure 5.2: Stepwise increased heat input test: (a) temperatures, (b) pressure.
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Figure 5.3: Stepwise increased heat input test (A): thermal resistance.
The long-run experimental tests were carried out keeping all the operational
parameters and boundary conditions of the system fixed. Although the experimental
tests were repeated many times over in order to ensure the repeatability of the
clearly distinguished phenomena, only the ones that are representative of the main
results achieved throughout the present research work are presented below.
5 W long-run experimental test
The temperatures and pressure temporal evolutions relative to the 5 W long-run
experimental test are plotted in Figure 5.6.
In the graph region denoted as ”Zone A” the working fluid experiences subsequent
reversals in the direction of circulation that are interspersed by slight stop-overs.
An enlarged representation of this region is illustrated in Figure 5.7.
The behaviour can be easily noticed by following the trend of the temperatures
measured by the thermocouples located in the adiabatic section. The temperatures
measured by the thermocouples close to the evaporator section (Tc. 5 and Tc.
8) fluctuate around the same average position but there are some moments in
which one temperature prevails over the other and vice versa. The same is true for
the temperatures measured by the thermocouples close to the condenser section
(Tc. 6 and Tc. 7). The temperatures values measured by the thermocouples
close to the evaporator section are obviously larger than the ones measured by the
thermocouples close to the condenser section.
In the graph denoted as ”Zone B” the working fluid encounters periods of
stop-overs alternated by periods in which a net circulation of the working fluid
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(a) Temperatures
(b) Pressure
Figure 5.4: Stepwise increased heat input test (B): (a) temperatures, (b) pressure.
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Figure 5.5: Stepwise increased heat input test (B): thermal resistance.
comes to light. An enlarged representation of this region is illustrated in Figure 5.8.
The behaviour can be easily noticed by following the trend of the temperatures
measured by the thermocouples located in the adiabatic section. The temperatures
measured by the thermocouples close to the evaporator section (Tc. 5 and Tc. 8)
start to increase as soon as the oscillations of the working fluid stop and the hot
working fluid is no longer able to reach the condenser section. At the same time,
the temperatures measured by the thermocouples close to the condenser section
(Tc.6 and Tc.7) decrease.
The same trend is also noticeable on the temporal evolution of the average
evaporator temperature and local working fluid pressure signals.
The average evaporator temperature keeps rising steadily until a sufficient
temperature gradient is set up between the heat input and output region to initiate
the circulation of the working fluid. The commencement of working fluid oscillations
facilitates the mixing of hot and cold working fluid portions, which momentarily
lower again the driving temperature gradient and cause a further stoppage of the
circulation.
The aforementioned phenomena suggest that in such a condition the heat input
is not sufficient to establish a net circulation of the working fluid in a direction.
25 W long-run experimental test
The temperatures and pressure temporal evolutions relative to the 25 W long-run
experimental test are plotted in Figure 5.9.
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(a) Temperatures
(b) Pressure
Figure 5.6: 5 W long-run test: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.7: 5 W long-run test ”Zone A”: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.8: 5 W long-run test ”Zone B”: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.9: 25 W long-run test: (a) temperatures, (b) pressure.
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In the graph region denoted as ”Zone A” the working fluid experiences a net
circulation in the clockwise direction, as pointed out in the artistic picture of Figure
5.10. An enlarged representation of the region is provided in Figure 5.11.
The behaviour can be easily noticed by following the trend of the temperatures
measured by the thermocouples located in the adiabatic section: contrary from the
previous case, the temperatures values do not overlap but retain separated courses.
The temperatures measured by the thermocouples in the up-header or left arm
of the device (Tc. 7 and Tc. 8) exhibit the highest values as the circulation occurs
in this specific direction and, therefore, they are associated to the hot working
fluid coming from the evaporator section. The temperatures measured by the
thermocouples on the down-header of right arm of the device (Tc. 5 and Tc. 6)
exhibits the lowest values as they are associated to the cold working fluid coming
from the condenser section.
However, the temperatures measured by the thermocouples Tc. 5 and Tc. 7 are
quite similar as they are located in the regions where the hot working fluid coming
from the evaporator encounters the cold working fluid exiting from the condenser.
The noticeable flow pattern in such a condition is annular in the up-header arm
and bubble in the down-header arm. An increase of the void fraction in one arm
necessarily results in a decrease of the local void fraction in the other, as the local
void fraction integrated over the loop remains unchanged for the entire duration of
the experimental test.
Moreover, the small oscillations of the working fluid in the down-header arm
push some amount of liquid in the opposite direction to that fixed by circulation.
The behaviour can also be noticed by observing that the temperature measured by
the thermocouple Tc. 5 oscillate with greatest amplitude with respect to the other.
The experimental results on test-cell (A) presented above highlight the absence of
unstable phenomena during the device operation as the temperatures and pressure
temporal evolutions maintain stable over a long temporal scale.
5.3 Effect of the electrodes case
The effect of the electrodes case on the thermal performance of a single loop
pulsating heat pipe was investigated on test-cell (B) in three different configurations
classified according to the electrodes case relative position:
• Case 0: test-cell (B) with no electrodes case;
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Figure 5.10: 25 W long-run test ”Zone A”: circulation.
• Case 1: test-cell (B) with electrodes case on the right hand side;
• Case 2: test-cell (B) with electrodes case on the left hand side.
The experimental results relative to the stepwise increased heat input test with
no electrodes case have been already presented above.
Case 1: test-cell (B) with electrodes case on the right hand side
The temperatures and pressure temporal evolutions relative to the stepwise
increased heat input experimental test in Case 1 are plotted in Figure 5.12.
The equivalent thermal resistance of the device first decreases up to 20 W and
then increases with the onset of dry-out condition, as plotted in Figure 5.13.
Case 2: test-cell (B) with electrodes case on the left hand side
The temperatures and pressure temporal evolutions relative to the stepwise
increased heat input experimental test in Case 2 are plotted in Figure 5.14.
The equivalent thermal resistance of the device first decreases up to 20 W and
then increases with the onset of dry-out condition, as plotted in Figure 5.15.
5.3.1 Phenomenological analysis
The noticed phenomena that for clarity are summarized in Figure 5.16 can be
explained by the superposition of two distinct phenomena, as follows:
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(a) Temperatures
(b) Pressure
Figure 5.11: 25 W long-run test ”Zone A”: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.12: Stepwise increased heat input test (Case 1): (a) temperatures, (b) pressure.
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Figure 5.13: Stepwise increased heat input test (Case 1): thermal resistance.
• The existence of a critical radius governing the heat transport through an
insulated cylindrical element;
• The existence of a dead volume in the T-junction associated to a concentrated
pressure loss that affects the two-phase flow.
The phenomena and their noticed effect are briefly discussed below.
The addition of a layer of an insulating material around a cylindrical element
may not necessarily results in a decrease of the heat transfer rate depending on which
effect dominates between the increase of conductive resistance and the decrease of
convective resistance associated to a larger heat exchange area. If the convective
resistance prevails over the conductive resistance is the case of present interest:
the equivalent thermal resistance decreases and, therefore, the heat transfer rate
increases.
The equivalent thermal resistance, as illustrated in Figure 5.17, decreases as
long as the radius of the insulating material reaches the critical radius of insulation.
Then, the equivalent thermal resistance starts to rise once more up to overcome the
value it had before the application of the material as soon as the radius exceeds a
limit radius.
The overlap of the Teflon® case to the glass tube falls in the second case and
brings a cold point along the circuit in which the working fluid condenses.
CHAPTER 5. EXPERIMENTAL CAMPAIGN 70
(a) Temperatures
(b) Pressure
Figure 5.14: Stepwise increased heat input test (Case 2): (a) temperatures, (b) pressure.
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Figure 5.15: Stepwise increased heat input test (Case 2): thermal resistance.
The critical radius determined by setting the first derivative of the heat transport
rate equal to zero can be expressed as:
rcritical =
k
h
(5.4)
where k is the thermal conductivity of the insulating material and h is the
convective heat transport coefficient with the air at ambient temperature.
The value of the critical radius in the case of present interest is 25 mm while
the radius of the electrodes case is 10 mm.
The equivalent thermal resistance as pictorially represented in Figure 5.18 can
be expressed as a series connection of four main terms:
Rtot = Rconv,int +Rcond,glass +Rcond,teflon +Rconv,ext (5.5)
where the terms on the right hand side of Equation 5.5 can be expressed as:
Rconv,int =
1
hint
· 1
2pir1l
(5.6)
Rcond,glass =
1
kglass
· 1
2pil
· lnr2
r1
(5.7)
Rcond,teflon =
1
kteflon
· 1
2pil
· lnr3
r2
(5.8)
Rconv,ext =
1
hext
· 1
2pir3l
. (5.9)
The values of the geometrical and physical parameters that appear in the above
equations are reported in Table 5.1.
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Figure 5.16: Stepwise increased heat input test (B): noticed phenomena.
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Figure 5.17: Critical radius.
Figure 5.18: Equivalent thermal resistance
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Units Main features
Length of the evaporator section mm 50
Length of the adiabatic (or transport) section mm 190
Length of the condenser section mm 110
Refrigerant fluid - Water
Refrigerant fluid temperature °C 15
Tube material - Copper
Tube inner diameter mm 2.00
Tube outer diameter mm 3.00
Volume cm3 2
Working fluid - Ethanol
Working fluid filling ratio - 60 %
Table 5.1: Parameters.
According to Equation 5.5, the equivalent thermal resistance is 70 °C W-1 in
correspondence of the electrodes case and 180 °C W-1 on the remaining area of the
glass tube.
The heat transfer rate to ambient air can be expressed as:
Q =
T int− T ext
Rtot
(5.10)
According to Equation 5.10 and assuming a temperature gradient between the
working fluid inside the glass tube and the air surrounding the single loop pulsating
heat pipe equal to 35 °C, the total heat transfer rate to ambient air is 0.5 W in
correspondence of the electrodes case and 0.2 W on the remaining area of the glass
tube.
The introduction of a cold point along the circuit on one hand explains why
the working fluid circulates in different direction depending on the position of the
electrodes case but on the other leaves open the question related to a different
performance.
The answer to this question lies in the existence of a dead volume in the T-
junction located on the left of the evaporator section. The dead volume introduces
a significant pressure loss along the circuit that, depending on the circulation
direction of the working fluid deteriorates permanently the thermal performance.
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5.4 Effect of the electric field
The effect of the application of an electric field on a single loop pulsating heat
pipe was investigated on test-cell (B) with the electrodes case located on the left
hand side.
The experimental results obtained from test-cell (B) evidence how the presence
of a small dead volume as that related to the pressure transducer fitting makes the
device operation unstable and worsens the thermal performance, thus giving the
opportunity to evaluate the effect of the electric field with the aim of stabilize the
operation.
The experimental procedure was similar to that followed in the course of a
long-run test on test-cell (A) except for the application of an electric field. The
electrodes were powered by gradually increasing the voltage up to a level of 20 kV.
The voltage level was kept constant for fifteen minutes’ duration before switching
to the next one.
The long-run experimental tests were carried out keeping all the operational
parameters and boundary conditions of the system fixed. Although the experimental
tests were repeated many times over in order to ensure the repeatability of the
clearly distinguished phenomena, only the ones that are representative of the main
results achieved throughout the present research work are presented below.
5 W long-run experimental test
The temperatures and pressure temporal evolutions relative to the 5 W long-run
experimental test are plotted in Figure 5.19.
The effect of the electric field in this flow regime is negligible.
10 W long-run experimental test
The temperatures and pressure temporal evolutions relative to the 10 W long-run
experimental test are plotted in Figure 5.20.
The effect of the electric field in this flow regime is negligible.
15 W long-run experimental test
The temperatures and pressure temporal evolutions relative to the 15 W long-run
experimental test are plotted in Figure 5.21.
The effect of the electric field in this flow regime is either advisable in the
temperatures or pressure temporal evolutions. In particular, the temperatures
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(a) Temperatures
(b) Pressure
Figure 5.19: 5 W long-run test: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.20: 10 W long-run test: (a) temperatures, (b) pressure.
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(a) Temperatures
(b) Pressure
Figure 5.21: 15 W long-run test: (a) temperatures, (b) pressure.
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and pressure curves stabilize around a mean value and the amplitude of the
countercurrent flow oscillations reduces as highlighted through the local pressure
signal.
Chapter 6
Conclusions and future
developments
In the present research work two different single closed loop pulsating heat
pipes have been tested in order to investigate the possible occurrence of unstable
phenomena that may worsen the thermal performance of the device. In addition, the
effect related to the application of an electric field on the stabilization of operation as
well as that tied to the variation of geometrical parameters and boundary conditions
are enquired.
The main outcomes of the research are summarized below:
• The existence of a relatively small internal dead volume due to the pressure
transducer fitting has a significant impact on the single CLPHP thermal
performance and limits the operation to a lower heat input level.
• In the absence of any internal dead volume as in test-cell (A) the circulation
of the working fluid starts earliest at lower heat input and keeps stable for
long temporal scales (10 hours). In particular, no multiple quasi-steady states
occurs during operation contrarily to what is noticed by Khandekar et al.,
2009, suggesting the possibility that the existence of multiple quasi-steady
states resides most likely on the specific geometrical features of the device
under test than on a general pulsating heat pipe working principle.
• The presence of the electrodes case around the glass tube promotes the
circulation of the working fluid in a direction depending on the branch where
it is located. The electrodes case introduces a cold point along the circuit
where the working fluid condenses. The mass distribution of individual phases
80
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is different in the right and left arms and, therefore, the dynamics pressure
drop required to push the working fluid in one direction is different than in
the opposite one: as a bubble forms in the evaporator section and expands a
preferential direction of motion is automatically set depending on the path of
least resistance.
• The presence of the electrodes case coupled to the internal dead volume
associated to of the T-junction affect the thermal performance of test-cell (B).
The position of the electrodes case promotes the circulation of the working
fluid in one direction rather than another. If the circulation starts in the
anticlockwise direction the working fluid proceeds undisturbed along the
circuit and the internal dead volume plays a minor role. If the circulation
starts in the clockwise direction the working fluid encounters immediately
the internal dead volume. The volume acts as an internal liquid accumulator,
thus thwarting the internal pressure fluctuations and lowering the single loop
pulsating heat pipe thermal performance.
• The application of the electric field has a poor effect on the thermal perfor-
mance of a single loop pulsating heat pipe. The reason is that the net electric
field in the working fluid region is weakened in succession by the glass tube
and the working fluid itself. In particular, as the ethanol has a high dielectric
constant, it opposes to the presence of an electric field resulting in a strong
polarization that lower the electric field itself.
6.1 Enhancement of the electric field on the work-
ing fluid region
The results of the research work highlight how for the actual pair of electrodes
geometry and working fluid the effect of the application of an electric field on
the stabilization of a single loop pulsating heat pipe is weak. The reason lies in
the weakening of the electric field in the working fluid region caused by both the
occurrence of the polarization phenomenon of the working fluid and the presence of
the glass tube.
In the light of these results, the effect of the application of an electric field could
be evaluated in two different arrangements that consist on:
• The use of a couple of electrodes in contact with the working fluid;
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• The use of a working fluid with a lower dielectric constant.
The use of a working fluid with a lower dielectric constant reduces the magnitude
of polarization and enhances that of the electric field in the working fluid region.
The application of an electric field on the refrigerant fluid FC-72 in place of pure
ethanol results in a sensible increase of the height of free surface in static conditions
showing promising signs for the continuation of the research in this direction.

Appendix A
Thermophysical properties
The properties of saturated ethanol relative to the operational temperature
range of the single loop pulsating heat pipe are reported in Table A.1.
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The corresponding temperature-pressure curve is illustrated in Figure A.1.
APPENDIX A. THERMOPHYSICAL PROPERTIES 95
Figure A.1: Saturated ethanol temperature-pressure curve.
Appendix B
Technical drawings
The technical drawings for manufacturing of the single loop pulsating heat pipe
experimental set-up components are presented below.
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Nomenclature
b electrostriction coefficient
d diameter (m)
D electric displacement field (A m−1)
E electric field (V m−1)
F force (N)
f force per unit volume (N m−3)
g gravitational acceleration (m s−1)
h convection heat transfer coefficient (W m−2 K−1)
j current density (A m−2)
k thermal conductivity (W m−1 K−1)
l length (m)
n normal unit vector
p pressure (Pa)
Q heat input power (W )
R equivalent thermal resistance (K W−1)
r radius (m)
S surface (m2)
T temperature (K)
T maxwell stress tensor (Pa)
t time (s)
v velocity (m s−1)
Greek symbols
ε0 vacuum dielectric permittivity (F m
−1)
εr relative dielectric permittivity
θ angle of contact
µ dynamic viscosity (Pa s)
103
NOMENCLATURE 104
ρ density (kg m−3)
ρf free electric charge density (C m
−3)
σ surface tension (N m−1)
σe electric conductivity (S m
−1)
σf free electric charge surface density (C m
−2)
Subscript
b bubble
c condenser
d dielectrophoretic force
e evaporator
f fluid
l liquid phase
m mechanical property
v vapour phase
Acronyms
CLPHP Closed Loop Pulsating Heat Pipe
FR Filling Ratio
HP Heat Pipe
ID Inner Diameter
OD Outer Diameter
PHP Pulsating Heat Pipe
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